Forestry and forest industry sectors have vital roles for many regional economies. Consequently, it is important to understand how the introduction of the iron and steel industry (ISI) as a new large consumer of woody materials may affect existing feedstock markets. The use of metallurgical coal can partially or fully be substituted by refined biomass. To analyze the potential consequences of a new woody consumer on regional markets, three regions in northern Sweden and Finland are used as a case. A regional partial equilibrium model is developed, the Norrbotten County Forest Sector Model (NCFSM), and applied on three different scenarios. The purpose of the study is to analyze the intra-and inter-regional effects increased competition for woody materials may have on regional markets and on the economic well-being of the regions. The result suggest that the total welfare effect is relatively small, however, some regional welfare distributional effects are observed. Additionally, the price of roundwood will only be moderately affected if the ISI sector switch from fossil fuels to refined woody biomass. However, secondary woody materials, i.e. by-products and harvesting residues, will experience larger price shifts.
Introduction
In 2016, the Swedish iron and steel industry (ISI) sector released 6 million tonnes of CO 2 -equivalent emissions, or 36% of the total industry emissions. This makes it the largest industrial emitter of greenhouse gases (GHGs) is Sweden (SEPA 2017a). As such, the sector will need to find ways to improve its overall abatement and lower fossil based emissions of GHGs, especially with the introduction of more ambitious environmental and climate policy goals (SEPA 2017b) . A possible way of achieving this is to substitute the use of fossil fuels, e.g. metallurgical coal, in the blast furnace with refined woody biomass (e.g. Mandova et al. 2018) . Wang et al. (2015) estimate that substituting coal with charcoal can reduce on-site emissions by 17-28%. For Sweden's largest steel mill, located in the northern part of the country, this reduction corresponds to a potential saving of 1.14 million tonnes of fossil based CO 2 (Wang et al. 2015) . However, a switch from fossil fuels to refined woody materials will introduce the ISI sector as a major actor on regional feedstock markets.
Woody biomass is sold on established feedstock markets, which are regional in character due to the low value-toweight of the material (e.g. Olofsson and Lundmark 2018) . Long-range hauling of the harvested woody material is, for the most part, not economically viable. Therefore, the introduction of a new large wood consumer will primarily have an impact on the regional level by increasing competition for woody materials and raise local feedstock prices. This will not only affect the forest owners and the existing forest industries but also the viability of the ISI sector to substitute to charcoal. Since the forest industry has an important role on many regional economies (e.g. Ejdemo et al. 2014; Korhonen 2015) it becomes important to understand how it is affected by a transition toward a green ISI sector.
The purpose of the study is to analyze the intra-and interregional effects increased competition for woody materials may have on regional markets and on the regional economic well-being (i.e. welfare). While there are numerous studies analyzing the feasibility of the ISI sector substituting fossil fuels with woody biomass (e.g. Wang et al. 2015) , the economic implications of such a development is, to the author's best knowledge, still missing. This article studies the impact of one ISI mill implementing the use of refined woody biomass as an auxiliary fuel source, and how this development may affect existing forest industries and the regional woody feedstock supply. To achieve this, four research questions are asked: (i) how does the price of hot metal 1 affect optimal allocation of the woody feedstock; (ii) what are the market effects of a partial transition from fossil fuels to refined woody biomass in the ISI sector; (iii) what are the market effects of an increased roundwood supply; and (iv), what are the overall regional implications of this market development. To analyze the potential consequences of this development on regional markets, three regions in northern Sweden and Finland are used as a case. These regions are modeled in a regional partial equilibrium (PE) model, the Norrbotten County Forest Sector Model (NCFSM) (Olofsson 2018) .
PE models in a Swedish context
PE models in a forest and forestry setting, generally referred to as a Forest Sector Model (FSM), have become a commonly used tools over the past two decades (e.g. Toppinen and Kuuluvainen 2010; Latta et al. 2013) . The strength of this modeling approach is that it produces informative and comparable results, highlighting the effects from specific schemes on a subset of the economy (Northway et al. 2013) . In many regards, Kallio et al. (1987) and the Global Trade Model (GTM) is considered the genesis of modern FSM studies (Buongiorno 1996; Latta et al. 2013; Northway et al. 2013) .
Regional FSMs have been applied in e.g. a Norwegian (Bolkesjø 2005; Trømborg et al. 2007 Trømborg et al. , 2013 , French (Lecocq et al. 2011; Caurla et al. 2015) and Finnish (Kallio et al. 2008; Kangas et al. 2011) setting. These models have been used to analyze a wide array of research topics, such as: (i) assessing different policy schemes for further development of the bioheat sector (Trømborg et al. 2007; Lecocq et al. 2011) , (ii) effects of increased production of second-generation biofuels (Kangas et al. 2011; Trømborg et al. 2013) , and (iii) the market implications of increased forest conservation Kallio et al. 2008) . In a Swedish context, Lestander (2011) developed the Swedish Forest Sector Trade Model (SFSTM), which was later expanded upon by Carlsson (2012) in SFSTM II. Both analyzed the effect of increased competition of forest fuels. This was done in a spatial setting by dividing Sweden into four aggregated regions, and one region for foreign trade. While Lestander argues that the SFSTM was underdeveloped, primarily due to data limitations, Carlsson found the second iteration of the SFSTM to be robust. Carlsson (2012) analyzed the effect of different bioenergy targets and how an increased demand for forest-based biofuels would affect the forestry and forest industry sectors. Increasing bioenergy production with between 5 and 30 TWh annually was found to cost between 30 and 620 million SEK. Carlsson also assessed the effects of a trade restriction on woody biomass and found that it would increase cost fivefold in the high production scenario. This result suggests that Sweden is dependent on wood imports in order to achieve its bioenergy policy targets. Olsson and Lundmark (2014) analyzed the degree of feedstock competition between forest industry sectors and the heating sector. Sweden was treated as one aggregated region, with four industries, three woody feedstocks, and six outputs. The result indicates that feedstock markets will only be moderately affected by changing market conditions. Mustapha (2016) used a more detailed spatial/geographic modeling approach in developing the Nordic Forest Sector Model (NFSM). The model incorporates the forest sectors of Norway, Sweden, Finland and Denmark on a regional level. The exception is Denmark, which remained as one geographical entity, and the same is true for the rest of the world. The primary objective of the NFSM is to analyze the role bioenergy plays in future energy systems. In Mustapha et al. (2017) the NFSM was used to study the (economically) optimal allocation of biofuel production. The result indicates that allocation is depending on: (a) the degree of substitutability between different primary woody inputs a specific biofuel technology allows, (b) accessibility to local heat markets as a secondary market, and (c), the cost of labor. However, access to the woody feedstock is shown to be the main determinant for the allocation of biofuel production.
The studies above demonstrate the importance of the spatial dimension on the results. Due to the availability and reliability of the data, the NCFSM uses a spatial dimension which is a combination of county and aggregated counties.
The iron and steel industry
With ever more stringent climate policy targets from national governments, the ISI sector have been searching for alternatives to metallurgical coal and coke, to improve general energy efficiency and lower fossil fuel emissions Mandova et al. 2018) .
The largest crude steel mill in Sweden (SSAB Luleå), with a capacity of 2.55 million tonnes (Mton) of hot metal per year, is located in Norrbotten County. This mill produces steel slabs from iron ore pellets and annually consumes between 0.31 and 0.368 Mton of coal and 0.73 Mton of coke (Wang et al. 2015) . In 2008, this single mill emitted 3.7 Mton of CO 2 , corresponding to 59% of the Swedish ISI sector's total CO 2 -emissions (Wang et al. 2015) .
There are however more environmentally friendly production technologies that can be implemented in the steelmaking process. Amongst these are technologies using woody biomass as the primary feedstock to produce green alternatives that can be used as a substitute to conventional fossil fuels (Suopajärvi and Fabritius 2013; Larsson et al. 2014; Mandova et al. 2018) .
2 However, the hesitation to implement green technologies is partially due to the large costs and uncertainties these can entail, but also by the technological lock-in's and large costs that have already been incurred by investing in fossil fuels (Wang et al. 2015) .
The introduction of pulverized coal injection (PCI) has resulted in that the use of refined woody biomass has become a viable alternative to fossil fuels Wang et al. 2015) . PCI is a production process that allows an auxiliary fuel, in this case pulverized coal, to be blown into the blast furnace as a way of introducing additional carbon, thus speeding up the process, and reducing the amount of coke needed (Wei et al. 2013) . The use of coal can partly or fully be substituted with charcoal, i.e. refined woody biomass (Wei et al. 2013; Wang et al. 2015) . Consequently, PCI offers an relatively easy and efficient way to reduce fossil emissions, and is the only viable way to replace large quantities of fossil fuels that does not entail large investments in existing facilities (Wang et al. 2015) . There are additional production technologies that can be implemented to reduce dependency on fossil fuels (e.g. Johansson 2016; Suopajärvi et al. 2017; Nwachukwu et al. 2018) . Furthermore, other bio-based products (e.g. wood pellets, bio-oil, and torrefied fuels) can also be used as an auxiliary fuel in a blast furnace injection system. However, charcoal is the best performing biofuel (Suopajärvi et al. 2017) , and can potentially offer CO 2 savings of 4.3-4.9 times that of torrefied materials or wood pellets (Wang et al. 2015) . As a consequence, charcoal is the only injection fuel that is considered in this article.
There are a number of ways to enrich woody biomass into charcoal (e.g. Child 2014; Mousa et al. 2014) . However, Sweden currently lacks a domestic charcoal production on an industrial scale (Wei et al. 2013) , though there are plans of building large-scale plants, using slow pyrolysis and torrefaction to enrich the woody biomass, some 90 and 270 kilometers from the steel mill in Luleå (Mefos 2017). In the article, the enrichment of the woody material to charcoal is assumed to take place through a slow pyrolysis process with a mass conversion ratio of 35%, and this industry sector is only located in Norrbotten County.
Materials and methods

Model outline
Since the primary region of interest is Norrbotten County, the model is named the Norrbotten County Forest Sector Model (NCFSM). The NCFSM is a regional PE model, built upon the modeling approach of SFSTM II by Carlsson (2012) , whom in turn based his model on the works of Kallio et al. (1987) and Bolkesjø (2004) . All markets in the NCFSM are assumed to be operating under perfect competition. Figure 1 shows the three geographical regions of the NCFSM: Norrbotten County (NB); Rest of northern Sweden (RoNS), made up by the counties of Västerbotten, Västernorr-land and Jämtland; and Northern Finland (NF), which includes the administrative regions of Lapland and Northern Ostrobothnia. These regions make up approximately 40-50% of each country's total land area, but only 9-11% of the total population. It is assumed that all transportation between regions take place by road. Since long-range hauling of the harvested woody material often is not economically viable, the model includes the three regions between which trade is deemed feasible. All other woody feedstock markets are assumed to be inaccessible. Figure 2 is a graphical representation of the NCFSM, composed of the four existing forest industries, i.e. sawmill, pulp and paper mill, wood pellets and bioenergy 3 sectors, in addition to the steel mill and bio-charcoal sectors (in Figure 2 defined as the combined ISI sector). In the model, the steel mill and bio-charcoal sectors are restricted to Norrbotten County. This entails that steel mills located elsewhere are not included in the model since they are assumed to only consume fossil fuels and therefore outside the scope of this article. This constraint is motivated by limitations in reliable data, and the comprehension that the use of charcoal in a blast furnace is still an emerging technology and is therefore likely to be implemented at one mill initially rather than across the whole sector at once. Similarly, biocharcoal sectors located outside of Norrbotten County are not considered.
In the model, each sector produce one specific end-good, but its production can be split into a number of different activities, each using a different production technology. The end-goods are: sawn wood from the sawmill; kraft paper from the pulp and paper mill; pellets from the wood pellet industry; heat from the bioenergy industry; and hot metal from the steel mill. Charcoal from the bio-charcoal sector is only used as an intermediate good by the steel mill and is therefore not sold on end-good markets.
The NCFSM contains two roundwood types, sawlogs and pulpwood, which are supplied to the market by the forest owner. In addition to roundwood, left-overs from the felling site, e.g. stumps, tree tops, branches, can also be collected and sold by the forest owner. Left-over materials are defined as the all-encompassing commodity harvesting residues. Besides harvested woody materials, the model also includes three woody by-products: woodchips, sawdust and bark. These are supplied by the sawmill sector and can be used as a primary woody feedstock by other industries.
Nine commodities are assumed tradable between regions: sawlogs, pulpwood, woodchips, sawdust, bark, sawn wood, kraft paper, pellets, and hot metal; while three commodities are assumed non-tradable: heat, charcoal and harvesting residues. Heat is limited by the length of DH networks, which are often limited to the urban nucleus, while charcoal is as an intermediate good that is only used by the steel mill. Harvesting residues are assumed to be non-tradable primarily due to its low value-to-weight ratio, and empirically, the commodity is not extensively traded between the two Swedish regions (Asmoarp and Davidsson 2016) .
Model specification
The NCFSM is a static, one-period, optimization model, where the objective function is to maximize the general economic state (i.e. welfare) for all regions, given a number of constraints. On competitive markets, this is equivalent to maximizing the sum of the consumer and producer surplus, minus the total cost of inter-regional trade (cf. Equation 1). i is a set over the different regions, and l is the lower integral value for the end-goods. For a more detailed description of the NCFSM, see Olofsson (2018) . The model is expressed as:
s.t.
The first element in Equation (1) is the consumer surplus from the end-goods (o), the second element is the producer surplus from the different types of roundwood (RW), the third element is the producer surplus from harvesting residues (HR), and the final element corresponds to the cost of inter-regional trading, where IM and EX denotes importer and exporter, respectively. 4 Equation (2) state that consumption at equilibrium must equal regional production after trade is taken into account. This entails that all produced goods will be consumed. Equation (3) guarantees that roundwood demand is satisfied through regional roundwood harvest or trade. Equation (4) ensures that harvesting residue demand is satisfied by regional supply. Equation (5) states that demand for a by-product is less or equal to supply, thus allowing for a surplus in supply but not in demand. Equation (6) restricts any non-tradable goods of being sold to another region. Equation (7) states that all hot metal production must be satisfied through the use of charcoal as an auxiliary fuel. And finally, the expressions in Equation (8) state that there exist an upper limit (constraint) for: end-good demand, roundwood harvest, collection of harvesting residues, and an upper capacity level for each activity. From the marginal of the balance constraints (Equations (2)- (7)) it is possible to obtain a theoretical, non-monetary, market price (i.e. the shadow price) for each commodities and region (Hazell and Norton 1986) . However, the shadow price in itself cannot be used to gain any insight. Rather the variable of interest is the change in shadow price between different scenario simulations, which can provide a useful measure for how markets are impacted by shifting market conditions.
Model implementation
The model is constructed using General Algebraic Model System (GAMS) software and the optimization is solved using the CONOPT solver. The model is built upon the assumption that industries use a Leontief production function (similar to e.g. Kallio et al. 1987) . This entails that industry sectors cannot substitute between different commodities to produce a given output. A way to incorporate some production flexibility is to allow for a number of different activities to produce the same end-good. However, each sub-activity still has strict input requirements to produce a given output.
All prices are given in Swedish Kronor (SEK), the woody feedstock is in cubic meter solid volume excluding bark (m 3 fub) or cubic meter solid (m 3 f), while end-goods are in: cubic meter (m 3 ) for sawn wood; tonnes for kraft paper, charcoal and hot metal; gigawatt hour (GWh) for heat; and cubic meter solid (m 3 f) for pellets.
5 For a more detailed examination of model data and the input-output coefficients, see Olofsson (2018) .
Core model assumptions
All sectors are assumed to have a fixed capital stock. Additionally, the sunk cost of building and developing a regional biocharcoal industry is not taken into account in the model.
A lower production constraint is introduced for the bioenergy sector located in Norrbotten County and in Rest of northern Sweden. The bioenergy sector in Norrbotten County must produce a minimum of 117 GWh of heat from pulpwood, and an additional 92 GWh from harvesting residues. These production estimates are obtained through personal correspondence with individual DH utilities and cross-referenced with values from EI (2017). Meanwhile, the bioenergy sector in the Rest of northern Sweden must produce a minimum of 102 GWh from pellets. Pellets is also added as an input feedstock for the pulp and paper sector in the Rest of northern Sweden, since the regional sector is a large consumer of the feedstock (Bioenergi 2017) . These production levels are based on observed data for each activity and region, and are used to reflect the inability of the regional sector to adjust its woody demand, i.e. they are assumed to be locked into certain feedstocks.
The model does not take into account the cost of intraregional transportation, which is assumed to be internalized by the forest industry and end-good consumer. A transportation cost is only added when woody materials and endgoods are traded between different regions. However, for the pulp and paper sector in Norrbotten County to reach its observed production quantity of 1.36 Mton of kraft paper an additional 0.323 million m 3 f of woodchips are required from other regions. This is primarily a consequence of data limitation, since according to the model, there is a large excess demand in by-products from the forest industries in Norrbotten County, and a large supply surplus in the Rest of northern Sweden. Therefore, inter-regional trade in woody by-products is restricted to 0.4 million m 3 f per commodity and region to avoid over-excessive trade, which may produce unrealistic outcomes.
Baseline calibration
An initial baseline scenario run is compared to observed quantities (q i,o ). The result indicates that all regional end-consumer demand is satisfied through regional production or trade, with the exception of the pulp and paper sector, which produce 2.23 Mton less than observed quantities. The result also indicates that an additional 3 million m 3 fub sawlogs and 3.55 million m 3 fub pulpwood are left standing, compared to observed harvest levels of roundwood (h i,RW ). A majority of the trees are located in the Rest of northern Sweden. The primary reason for why the pulp and paper sector is unable to produce more kraft paper is a shortage in woodchip supply. Therefore, the pulp and paper sector is split into two activities: PP1 that use a combination of woodchips and pulpwood, and PP2 that only use pulpwood. However, the pulp and paper sector in Norrbotten County is assumed to only have access to the PP1-activity. The primary reason for this restriction is that firm-level data is used to estimate the input-output coefficient for the pulp and paper sector in Norrbotten County. For the other regions, coefficients are obtained from Metla (2014) and SFA (2014); while woodchip demand in PP1 is collected from Carlsson (2012) and subtracted from the regional sector's roundwood demand. By splitting the pulp and paper sector into two activities an additional 0.871 Mton of kraft paper is produced across all regions, and all available pulpwood is harvested.
The activities included are: sawmill, pulp and paper 1 (PP1), pulp and paper 2 (PP2), bioenergy from pulpwood, bioenergy from harvesting residues, bioenergy from woodchips, bioenergy from sawdust, bioenergy from bark, bioenergy from pellets, and wood pellet. To this, the ISI sector is added, divided into three activities: the steel mill, bio-charcoal from pulpwood, and bio-charcoal from sawdust.
Scenario description
To assess the regional implications of a transition toward a green ISI sector, the research questions presented in the introduction are used as the basis for three different scenario runs. The scenarios evaluated are:
(1) The impact hot metal price has on optimal allocation of woody materials (2) The market effects of a partial transition to charcoal (3) The market effects of increased roundwood supply
The initial scenario is motivated by the recognition that hot metal is an intermediate good in the steel-making process, and as a consequence there is no observed market price for the good. Subsequently a price interval for the end-good is assumed, and the model is run over three price level to analyze its effect. The second scenario is motivated by the realization that production of charcoal in Sweden, and its use in the ISI sector, is in its infancy. Consequently, the introduction of charcoal as an auxiliary fuel in the ISI sector will most likely be in parallel with the use of conventional metallurgical coal. In the final scenario, the potential roundwood supply is doubled to that of observed harvesting levels. Increasing roundwood supply is a way to ease the effects of increased woody competition. However, this is not the same as doubling the amount of roundwood harvested, rather allowing forest owner to potentially supply up to double the amount.
Results
The price of hot metal
Hot metal is an intermediate good in the steel-making process and lacks an observable market price. After consulting with industry representatives, a price interval of 1500-2500 SEK/ tonne hot metal (tHM) is selected. Production target for the steel mill sector is 2.367 million tHM, i.e. observed production quantity, thus requiring 0.394 Mton of charcoal (Wang et al. 2015) . The end-good price is an essential part in solving of the optimization problem. It is one of the deciding factors in how the model prioritized the allocation of the woody feedstock to maximize overall welfare (cf. Equation (1)).
The results in Figure 3 show that the steel mill sector has to lower production by approximately 5-15%, depending on the price level of hot metal, compared to the observed production level; or alternatively, that the steel industry can only satisfy 85-95% of its auxiliary fuel demand by substituting to charcoal. 6 That is, at a hot metal price of 1500 SEK/tHM, the result indicates that the ISI sector will produce 1.993 Mton hot metal, compared to 2.244 Mton if the price is increased to 2500 SEK/tHM. As shown in Figure 3 , a majority of the charcoal produced will use sawdust as its woody feedstock, but as the price of hot metal increases, more pulpwood will be allocated to the charcoal production.
Compared to the baseline, production of kraft paper in Northern Finland will decrease by 5-10%, depending on the price level of hot metal. This reduction corresponds to a decrease in total kraft paper consumption of approximately 0.5-1.5%, in all regions. The introduction of the ISI sector on woody feedstock markets will, regardless of the price of hot metal, result in reduced production for the wood pellet and bioenergy sectors. The wood pellet sector in Norrbotten County will cease all production, and total pellet production will decrease by 65% across all regions, while total endgood consumption of pellets will decrease by 70%, compared to the baseline. The bioenergy sector in Norrbotten County and Northern Finland will lower wood-based production of heat (5% and 7%, respectively) due to increased feedstock competition from the ISI sector. Figure 4 shows how feedstock prices will be affected by the introduction of a new wood consumer. Roundwood prices are only marginally affected by this development, where sawlog prices in Northern Finland will decrease by 7% as sawn wood production moves elsewhere, while pulpwood prices will increase by 3-8%, depending on the price of hot metal and region. As indicated by the results in Figure 4 , the largest percentage changes are observed on the market for secondary woody materials (i.e. by-products and harvesting residues). The price of sawdust will increase between 486% and 650% (depending on the price of hot metal and region) as the biocharcoal sector shifts the market's aggregated demand curve; while the bioenergy sector will experience surging prices for harvesting residues (161-234%) and bark (162-471%).
The suggested price development for sawdust and bark will result in the commodities being price above pulpwood, while the same is true for harvesting residues in Norrbotten County. 7 An increase of 471% would result in bark becoming the most expensive woody feedstock. A market outcome where secondary woody materials are priced above pulpwood is arguably not realistic. At a certain price level, market actors will substitute the more expensive commodities with another woody feedstock and the price of that commodity will experience a price increase. Furthermore, since woodchips, sawdust and bark are by-products from sawmilling, the production of by-products is not governed by its own-price; nor is the sawmill sector, as depicted in the NCFSM, able to take advantage of this price development since its already operating close to capacity in most regions. 
Partial transition to charcoal
Under the assumption that the ISI sector, at an initial transitional stage, only wish to substitute part of its auxiliary fuel demand with woody biomass, production of hot metal is set equal to 10%, 25% and 50% of observed consumption levels. That is, a partial restriction is introduced for hot metal in the first expression of Equation (8), which restricts end-good demand, and it is assumed that the remaining hot metal quantities (i.e. 90%, 75% and 50%) are produced using other means, e.g. fossil fuels. However, since fossil fuels are not included as feedstock alternatives (see Equation (7)), fossil based production of hot metal is not explicitly modeled in the NCFSM. There are numerous reasons why the ISI sector would choose to only substitute part of its auxiliary fuel demand with charcoal, e.g. supply security, long-term supply contracts for fossil fuels, etc. However, since charcoal is an untested feedstock for the Swedish ISI sector, it will in all likelihood, initially be used in parallel with conventional metallurgical coal. As noted above, hot metal lacks an observable market price since it is an intermediate good in the steelmaking process. However, at these lower production quantities the hot metal price does not affect model results; and the hot metal price is therefore set to 2000 SEK/tHM.
The results show that at lower production levels of hot metal, the bio-charcoal sector will only produce charcoal from sawdust. Only when hot metal production exceeds 75% of observed production will the bio-charcoal sector start using pulpwood. Consequently, the price of pulpwood is not affected at these initial transitionary production levels of hot metal, and the same is true for production of kraft paper and sawn wood. However, production and consumption of pellets will be affected. Total production of pellets will on average decrease by 9-45% compared to observed production levels, and all pellet production in Norrbotten County will cease when the ISI sector substitutes 25% of its auxiliary fuel demand with woody biomass. As shown in Figure 5 , the decline in pellet production will also reduce end-good consumption, which will fall by 9-50% compared to the baseline. In addition to affecting the wood pellet sector and end-good consumption of pellets, increased competition for the woody feedstock will also affect the bioenergy sector's ability to produce heat. As shown in Figure 5 , when the ISI sector substitutes 50% of its auxiliary fuel demand with woody biomass, heat production in Norrbotten County and Northern Finland will decline by 2% and 8%, respectively. Thus suggesting that the bioenergy sector will be price out of the woody feedstock when the ISI sector increases its demand for woody biomass. Figure 6 shows the price development of the woody feedstock at different production levels of hot metal. Similarly to the price development observed in Figure 4 , increased competition for the woody feedstock will primarily have an effect on secondary woody materials. However, only harvesting residues, sawdust and bark are affected at lower production levels of hot metal. Harvesting residues will increase by 14-187%, sawdust by 20-210%, and bark by 17-376%. At a 25% transition level, the observed price changes will lead to bark being priced above pulpwood in the Rest of northern Sweden; and at a 50% transition level, bark will be priced above pulpwood in all regions. For other secondary woody materials, the observed price change will not lead to feedstock prices exceeding the pulpwood level.
Increased roundwood supply
A way to ease the effect of increased woody competition is to increase supply of roundwood. In the following scenario, the harvesting constraint parameter (l) is increased to 2. However, this is not the same as doubling the amount of harvested roundwood but rather allowing forest owner to potentially supply up to double the amount. The hot metal price is set equal to 2000 SEK/tHM and the ISI sector is trying to produce 2.367 million tHM using charcoal as its only auxiliary fuel.
The result in Figure 7 indicates that increasing the harvesting constraint parameter will increase pulpwood supply with fub across all regions, while the supply of sawlogs will remain relatively unchanged (reduce by 4000 m 3 fub). A majority of the additional roundwood will be harvest in the rest of northern Sweden and Northern Finland. The pulp and paper sectors in these two regions are not operating at capacity and can therefore increase production, while the pulp and paper sector in Norrbotten County is already operating at full capacity. The increase in pulpwood supply will result in a 14% increase in total kraft paper consumption, compared to the baseline. Increasing roundwood harvest will also allow the ISI sector to operate at capacity, and 44% of the auxiliary fuel demand will come from pulpwood charcoal, compared to between 13% and 23% in Figure 3 . Compared to the baseline, consumption of pellets will decrease by approximately 52% across all regions. However, this reduction in pellets consumption is 18 percentage points less than the equivalent run in the Price of hot metal scenario.
As the size of the harvesting constraint parameter increases, the pulpwood supply curve will shift outwards, leading to a reduction in the feedstock price. This development is shown in Figure 8 , where prices for pulpwood and woodchips decrease by 49-53%. Overall competition for sawdust will increase by the introduction of the ISI sector, leading to a price increase of 176-250%. However, compared to the price development observed in Figure 4 , the sawdust price is (on average) 357 percentage points lower in Figure 8 ; a consequence of increased pulpwood availability. Overall, the suggested price movements observed in Figure 8 will not lead to feedstock prices exceeding the initial reference price of pulpwood, the exceptions being sawdust and bark in the Rest of northern Sweden. However, after taking into account the suggested reduction to pulpwood prices, sawdust and bark will be priced above pulpwood in all regions. A similar price development is observed for harvesting residues in Norrbotten County. Such a market outcome is unlikely, since there are incentives for market actors to substitute expensive commodities with cheaper woody alternatives.
8
Discussion
The total welfare effect of increased feedstock competition is relatively small, ranging from between −0.01% and +0.02%, compared to the baseline. Thus suggesting that increased competition will, from a purely welfare perspective, not have any significant impact on the three regions. Any reduction in welfare caused by declining heat and pellet production is alleviated by the ISI sector. The industry sectors will face rising feedstock prices, though this is balanced out by increased revenue for forest owners. However, examining welfare effects in specific regions indicates that the consumer surplus in Norrbotten County will increase by 6-10%, while the consumer surplus in Northern Finland will experience a marginal reduction. As such, the result suggests that there may be some regional welfare redistribution effects from increased feedstock competition, but this is negated by an increase in the cost of trading, since forest owners in Norrbotten County are not able to meet regional woody demand. However, it is important to remember that there are numerous effects that are not taken into account. For instance, the model does not consider how increased feedstock prices affect profitability, were the long-run effects of increased competition may be falling profits. Such a development may in the end cause the closure of individual mills. Additionally, the model does not consider the local implications from a reduction in end-good production, the costs associated with the closure of mills, or the bio-charcoal sector's start-up cost.
The overall results can be interpreted as indicating:
(1) the importance of inter-regional trade for optimal allocation of woody materials; (2) the difficulty of the ISI sector utilizing woody biomass to produce green steel; (3) the problem of increasing demand for a finite resource that is already used to produce carbon-neutral goods.
The result indicates that the three regions are highly interconnected. The introduction of a new wood consumer in one region will have clear spillover effects on neighboring regions by increasing feedstock competition and raising woody prices. As a consequence, inter-regional trade is crucial for optimal allocation of the woody feedstock when competition and demand increases. This result is similar to Carlsson (2012) and implicitly entails that any trade obstructing policy (e.g. an additional tax on heavy trucks (Swedish Riksdag 2015)) will have a negative impact on welfare; while increased investment in infrastructure, improved trans-national cooperation, and general improvements in the trade structure will help to facilitate the transition toward a green ISI sector.
The result also indicates that the largest price change will be experienced on the market for secondary woody materials, which may potentially be priced above pulpwood. This outcome is highly unlikely since consumers will substitute the woody commodity with another feedstock under such a circumstance. Thus, rather than an explicit price increase of up to 650%, the results can be interpreted as indicating a potential conflict of interest from increasing demand for a finite resource that is already used. Where the introduction of the ISI sector may necessitate a shift in how woody feedstock markets in general, and by-product markets in particular, operate. Alternatively, the results can be interpreted as an indication of the improbability of the ISI sector substituting fossil fuels for biofuels, since such a development would cause feedstock prices to spiral, thereby making the switch less likely. The primary reasons for why the ISI sector would consider substituting metallurgical coal for charcoal is arguably the green credentials of the latter and the low cost of the woody feedstock. However, woody biomass is sold on established feedstock markets. This entails that if the ISI sector enters the marketplace, the status quo will be disturbed and prices will change. Thereby potentially rendering the ISI sector's decision to start substituting fossil fuels with charcoal unprofitable.
A potential way of countering the feedstock price changes indicated by the results is to increase the harvesting rate of roundwood. However, forest owners in the model are not able to fully respond to the increased roundwood demand since the harvesting constraint parameter (l) limits the amount of roundwood that can be harvested, see Equation (8). The same is true for the supply of harvesting residues. If harvesting rates increase, the competition effect will be alleviated to a degree and price changes will not be as severe as they otherwise would. A similar development can be observed on by-product markets, were the sawmill sector is unable to increase supply since it is operating at, or close to, capacity in most regions. The sawmill sector is thus unable to fully take advantage or respond to the large price increase in woody by-products.
It is estimated that the use of charcoal by the steel industry in Norrbotten County can result in an annual total saving of approximately 1.04-1.14 Mton of CO 2 (Wang et al. 2015) . However, the model result suggests that the use of refined woody biomass in the blast furnace will cause production of pellets and heat to decrease. Such an outcome may in worst case cause end-consumers and DH utilities to increase their use of fossil fuels to satisfy the energy demand. The largest drop in heat and pellets consumption corresponded to 295 GWh of heat and 1933 GWh of pellets. Replacing the total energy content with fuel oil (EO1) will result in the emission of approximately 0.718 Mton of CO 2 . 9 The total annual CO 2 -saving is then between 0.32 and 0.42 Mton. However, it is worth noting that no conversion or transmission losses are accounted for in the model. The decrease in total bioenergy production may therefore be underestimated, since more woody materials are required at all production level. While it may be unlikely that end-consumers and DH utilities replace the energy content of woody biomass with fuel oil, the example highlights the intrinsic conflict present when analyzing this type of problem, i.e. the increased use of a finite feedstock that is already utilized. The result suggests that if the ISI sector starts using refined woody biomass, other sectors that are producing carbon-neutral sources of energy will have to adjust to the changing market condition and lower its production. This entails that the total abatement of CO 2 -emissions will not correspond to the saving of one actor but rather the sum total of the whole system. A green steel industry will potentially come at the expense of increased emissions elsewhere, meaning that society is not necessarily made better off by the change, and will only lead to rising feedstock prices.
Conclusion
It can be argued that society at large is facing a proverbial fork in the road. Either (a) increase the utilization rate of woody materials, and continue the transition toward a bioeconomy; or (b) uphold the status quo and safeguard the interests of the existing forest industries and the biodiversity of forestlands. The primary concern facing communities in northern Sweden and Finland is arguably the effects increased competition may have on local DH utilities and their ability to maintain heat production. Due to the harsh and cold climate in these regions, DH utilities provide a critical societal good. It can be argued that the reliability of the system is one of its strongest sale points, the other being its green credentials, part of which is based on the use of woody biomass. A reduction in supply of woody materials can potentially cause reliability issues, forcing the sector to change which commodities they use to produce heat, thereby undermining the system. This development may also have an effect on the price of heat, since a rise in input prices will be passed on to the end-consumer.
Regarding future research, a possible way to alleviate some of the short-comings observed in the model is to develop a dynamic model that allows for capital investment and takes into consideration the annual growth rate of the timber stock (see e.g. Bolkesjø et al. 2005) . These developments would allow forest owners to increase the harvesting rate of roundwood and harvesting residues as demand and prices increase; and the sawmill sector to increase its capacity to take advantage of the new demand structure. The NCFSM can also be expanded both geographically and sectorally. The number of included regions can be expanded, and the geographical detail can be increased. The latter is most easily done by having all regions on a county level, i.e. the lowest geographical resolution for which there exist reliable and accessible data. The number of wood consuming sectors can also be increased, and other potential wood consumer can be added to the model; and the number of end-goods being produced can easily be expanded and depicted in greater detail. It is also worth highlighting that while the NCFSM explores regional effects in northern Sweden and Finland, the model's core specifications are applicable to other geographical regions. Notes 1. Hot metal is the molten iron that is being produced in a blast furnace; and to avoid confusion or the misuse of steel industry terminology, it is assumed to be the primary production good of the ISI sector. Further refurbishment of the good is outside of the scope of the model. 2. It is worth noting that the total amount of CO 2 emitted in the steelmaking process will not necessarily be reduced by using biomass instead of fossil fuels. Rather the amount of CO 2 emitted when using woody biomass will, in a best case scenario, correspond to that being consumed during the growth of the woody material.
In such a case, the feedstock will be carbon-neutral. 3. The bioenergy sector is defined as the aggregated district heating (DH) industry of a region. However, for Northern Finland the industry sector is made up by local combined heating and power (CHP) plants, but it is assumed to only produce heat. Only production originating from woody fuels are considered; all other fuel sources are outside of the model. DH utilities integrated in other industries are not considered. 4. See Appendix 1 for model notations. 5. m 3 fub measuring unit corresponding to cubic meter solid volume excluding bark, and is a commonly used unit in the Swedish forest industry. The alternative notation of m 3 f is used to notate the solid volume for commodities that are not bark clad, e.g., pellets or byproducts. 6. The remaining fuel demand must in such a case be satisfied through other means, e.g., fossil fuels. However, fossil fuels are not explicitly included as a feedstock alternative in the NCFSM. 7. See Appendix 3 for estimated feedstock prices. 8. It is important to keep in mind that the results of the model is contingent on a number of assumptions. For a general sensitivity analysis of the NCFSM, see Olofsson E. 2018 . An introduction to the Norrbotten County Forest Sector Model -Technical report for a regional partial equilibrium model for a general sensitivity analysis of the NCFSM. 9. The author's own calculation. 
